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Subsequently, I constructed my own set of figural analogies based on a model of how test takers might solve analogies (see Nichols, 1990; Nichols, 1991) . The experience convinced me that researchers following a new approach combining cognitive science and psychometrics could successfully develop assessments that reveal mechanisms test takers use in responding. These new assessments could inform instruction directly by describing the students' processes and knowledge structures that are the targets of instruction.
Over the past decade or so, a growing number of writers have argued that cognitive science and psychometrics could be combined in the service of instruction (Bejar, 1984; Haertel & Ca !fee, 1983; Linn, 1986; Messick, 1984; Snow & Lohman, 1989) . They criticized traditional testing for losing sight of the psychology of the performance being tested (Glass, 1986; Glaser. 1981) . Traditional testing practices appear to place more emphasis on statistical technique than on the psychology of the construct being measured (Anastasi, 1967) . Given some knowledge of the goals and methods of instruction and of the psychology of the construct, "educational tests might be made more diagnostic of malfunctions in learning and more informative for instructional adaptation" (Snow tx Lohman, 1989, pp. 266) .
Researchers have progressed beyond what Pellegrino (1992) has called verbal statements of intent and handwaving about proposed solutions to the hands-on business of researching and developing diagnostic assessments combining cognitive science and psychometrics, what I call psychology-referenced assessment (PRA)1. They are constructing new assessments informed by research on the psychology of learning and achievement and embracing new statistical models for combining observations. They design 2 problems and tasks through systematic, research-based variations in problem characteristics. The defining characteristic of PRA is that it makes explicit the substantive assumptions the test developer is using to construct test materials and assign scores. These substantive assumptions describe the !mowledge and skills a performer in the test domain would use, how the knowledge and skills develop and how more competent performers differ from less competent performers. These substantive assumptions are testable because they are explicit.
PRA is not alone in emphasizing the mechanisms students use in responding to items or tasks or the use of assessment results to inform instruction directly. Student modeling shares an interest with PRA in representing the cognitive processes and structures of learners and using such information to make pedagogical decisions. A student model is a representation within an intelligent tutoring system (ITS) of the student's processes and knowledge structures that have repercussions for learning. The challenge in ITS is to form and update a student model of moment-to-moment changes in processes and knowledge.
Certainly, PRA could be used to develop student modeling approaches. Elements of PRA are similar to some elements of ITS. For example, the substantive assumptions of PRA include knowledge the student is expected to acquire, a part of the ITS domain knowledge component, and how knowledge is acquired, an aspect of the ITS pedagogical knowledge component. Furthermore, the representation of the student that is the result of PRA may be conceived as a subset of an extended student model. However, PRA is distinguished from student modeling by the grain size of the behavior that is the focus of inference. For student modeling, the focus is on detailed diagnosis of moment-to-moment changes relevant to the didactic decisions required for the tutorial interchange (Wenger, 1987) . In contrast, the focus of PRA may be on grosser changes relevant to broader decisions such as placement.
Traditional diagnostic tests share an interest with PRA in informing instruction. According to Anastasi (1982) Achievement Tests. These tests differ from PRA assessments in three aspects: 1) the design is based on logical taxonomies and content specifications and lacks explicit psychological models of the structures and processes that underlie domain performance (Snow & Mandinach, 1989) ; 2) the scores are tied to content areas rather than cognitive mechanisms; and 3), the scores are computed often using methods developed to select students most likely to succeed in a uniform instructional environment rather than methods developed to make inferences about cognitive structures and processes.
In this paper. I attempt to organize the many loosely connected efforts to develop psychologyreferenced assessments. I consider the development of assessments to guide specific instructional decisions, sometimes referred to as diagnostic assessment. Many of my arguments apply to program evaluation as well--assessments that reveal the mechanisms test takers use in responding to items or tasks provide important information on whether instruction is achieving its academic goals. In contrast, I do not address tests intended to select students for a particular educational institution or program even though I believe a psychology-referenced approach could benefit the development of such tests, as well. My goals in this paper are 1) to outline the societal trends that motivate the development of psychology-referenced assessment, 2) to introduce a framework within which the psychological and statistical aspects of an assessment can be coordinated, and 3) to summarize efforts to develop psychology-referenced assessments in a five-step methodology that can guide future development efforts.
Societal Demand for New Assessment Techniques
When I was examining the responses of students to figural analogy test items, I intended to explain to some degree differences in test scores through differences in test takers' use of analogy. Several problems plague this pursuit (see Lohman, in press), but I was frustrated because tests are not traditionally constructed to elicit qualitative differences in strategy. Other researchers, also frustrated by the lack of diagnosticity of traditional tests, have designed assessments to reveal the mechanisms used by tests takers in responding. In this section, I sketch the societal trends that have motivated, at least in part, development of diagnostic assessments. I will not pretend to be an observer of social trends, but I will review what others have observed. I present this context to highlight the difference.; in purpose between PRA and 4 traditional tests and to describe the role PRA may assume in education.
Traditional assessments were developed to confront the dilemma of educators in the early part of the 20th century. Educators were faced with determining which students would be able to profit best from uniform instruction designed essentially for the majority of the population (Glaser, 1981) . Resources limited the information they could gather about each student and precluded tailoring programs to individual students' needs (Mislevy, in press ). I largely agree with Mislevy (in press) who argues that current test theory has been effective in selecting students most likely to succeed in a particular educational institution or program.
Traditional assessments developed to identify which students would profit best from a uniform instructional environment are based generally on what Snow and Lohman (1989) people into a single sequence or aids selection into a single program (Mislevy, in press) . Either CTT or IRT may usefully inform decisions about such linearly ordered alternatives (Dawes & Corrigan, 1974) .
Work on PRA has been motivated, at least in part, by the current emphasis on helping individuals to succeed in educational opportunities in contrast to selecting individuals for those opportunities (Stiggins, 1991) . The requirement now is to design education that helps all students succeed (Carnegie Council on Adolescent Development, 1989; National Education Goals Panel, 1991; National Governors' Association, 1990 ). According to the National Governors' Association Report on the Task Force on Education, "We must abandon the view that only a small proportion of our population must be well educated, that many can get by with less knowledge and fewer skills" (pp. 7). A source of the current concern for the learning needs of all children is the recognition that there is a ,e.rong connection between how well a nation can perform and the existence of high-quality, wideiy distributed education (American Association for the Advancement of Science, 1989) . Educators and policy makers are demanding new assessments to help 5 individuals succeed in educational opportunities: they require assessments to evaluate school learning and inform directly instruction.
The EPM approach toward constructing assessments may not be helpful for designing assessments used to evaluate school learning and inform directly instructional decisions. As Bejar (1984) notes, scores derived from traditional CTT or IRT approaches provide only general information to guide specific instructional decisions. "Thus, the student with a lower score could benefit, perhaps. from additional or remedial instruction, but there are no guidelines for developing efficient courses of instruction" (pp. 185).
Scores on new performance-based or authentic assessments often provide little more information than traditional assessments to guide specific instructional decisions. Performance-based or authentic assessments may well consist of tasks that are more representative of some intended domain. However, scores on these assessments, often holistic ratings, provide little more information than how well one student compares to another or how a student's performance compares to a criterion value. In either case, scores indicate no more than the need for additional instruction.
In response to the demands for new measures that help individuals succeed in educational opportunities, researchers have constructed assessments informed by research on the psychology of learning and achievement and embracing statistical models for makina inferences regarding the structures and processes that underlie domain performance. These assessments have been developed using a PRA approach in contrast to the EPM approach used in traditional assessments. The PRA approach can directly inform instructional decisions by focusing on the knowledge and processes that are the instructional targets for educational reform programs such as Project 2061 (Amerian Association for the Advancement of Science, 1989) . By describing the processes and knowledge structures students are expected to acquire, test developers are able to construct a task or an item that is predicted to demand those prodesses and structures. Conversely, test developers are able to infer the processes and knowledge structures used by an individual to respond to an :tem or task. Thus, the PRA approach is distinct from traditional approaches relying on logical taxonomies and content specifications and employing statistical approaches developed for selecting students. Following Ippel (1986 Ippel ( , 1991 and Lohman and Ippel (in press ), I view test theory as consisting of two related aspects: an observation design for constructing and arranging observations and a measurement design for collecting and combining responses. Current test theories confound these two aspects. The observation and measurement designs provid-the test developer a framework within which the psychological and statistical considerations can be coord:n ,ted. I will argue later in this section that the validity of both designs must be evaluated within the context of substantive research. The observation and measurement designs are discussed separately but practical issues concerning the observation and measurement designs should be considered in company because diagnosis is possible only through their coordination. The most sophisticated inference from any diagnostic measurement design is limited by the richness of the performance elicited through the observation design. Alternatively, the value of performan elicited through the otservation design is limited by the measurement design's power to use the information.
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Observation design.
The observation design describes the characteristics of assessment tasks or items that make demands on the test taker, how these characteristics are to be organized in the construction and ordering of observations, and the nature of the responses required. The purpose of the observation design is to construct and arrange observations in a way that reveals the mechanisms test takers use in responding.
This implies the specification of the demands made on the test taker by the assessment tasks. Any such specification of task demands requires substantive research on the psychology of the test domain. The substantive research in test development identifies what the task or item characteristics are so that they can be systematically manipulated to investigate the cognitive processes and structures influenced by each.
Typically, test developers are not prepared to identify or manipulate these characteristics (Snow & Lohman, 1989 ).
An example of manipulating task characteristics to investigate the mechanisms used by test takers
is provided by Tatsuoka (1990) for mixed fraction subtraction. A pair of fraction subtraction items is shown in Figure 1 . A seventh-or eighth-grader may mistakenly believe that it is necessary to reduce the whole number by 1 and add 10 to the numerator of the first fraction when problems, such as the items in Figure   1 , require the student t.) increase the numerator of the first fraction. This misconception will produce the correct answer if the denominator of the first fraction happens to be 10. In order to detect the misconception, one item must have a denominator not equal to 10 in the first fraction and another item must have the denominator equal to 10. The pair of items in Figure 1 would discriminate this misconception from the correct procedure tor fraction subtraction.
Another example of manipulating task characteristics to investigate the mechanisms test takers use in responding is provided by VanLehn (1982) . The test shown in Table 1 was developed to diagnose the buggy performance of third and fourth graders doing multicolumn subtraction. This test is designed so that students using any of at least 43 bugs would miss two or more problems. Every possible diagnosis was distinguished from the others by the response on at least one problem. Thus, a student who systematically follows the Subtract Smaller From Larger rule never borrows but subtracts the smaller digit from the larger 8 digit in each column. The student would produce the pattern of responses shown for Rule A of Tabie 1 In contrast, a student systematically following the Stops Borrow at Zero rule adds 10 to the current column but does not decrement from the column to the left if that column is a zero. That student would produce the other pattern of responses shown for Rule B of Table 1 As these two examples illustrate. item characteristics can be systematically manipulated to reveal the mechanisms test takers use in responding.
Insert Table 1 about here As these examples illustrate, the validity of the observation design is based on substantive research in the test domain because the characteristics that make demands on the test taker are identified through substantive research. This underscores the importance of psychology in test development. For example, the multicolumn subtraction test reported by VanLehn (1982) was developed only after extensive research on the buggy procedures of grade school students. A database of bugs was developed atter reviewing subtraction solutions from more than two thousand students (Brown & Burton, 1978) . Items were systematically constructed so that a set of items could discriminate between students who may have a number of different known subtraction bugs. This approach is fundamentally different from a test developer following a content sampling approach and constructing a certain number of 1-column, 2-column or 3-column subtraction problems.
Measurement design.
The medsurement design defines the object of measurement and describes the procedure or set of procedures to assign a value or category to an object of measurement. In addition, the measurement design must provide ways of addressing the precision of the procedure for assigning a value or category.
Test takers make careless mistakes responding to tasks or items and the measurement design must account for this when expressing precision associated with the assignment of a value. Finally, the measurement design must define the diagnostic value of classes of tasks or items defined by characteristics identified in the observation design. For example, the ACM system of Langley, Wogulis, and Ohlsson (1990) uses artificial intelligence (Al) and statistical methods to generate a produeion system model of a student's performance on multicolumn subtraction problems. In this measurement design, the object of measurement is the student and the set of procedures consists of the Al and statistical methods used to assign a production system model to the student. A production system is a set of condition-operation pairs (Anderson, 1983) . The condition identifies certain data patterns and the operation executes if the data patterns match elements in working memory. The system begins with a description of a set of subtraction problems, a set of responses from a student, and a set of mental operations the student may have applied to solve the subtraction problems. An example of a set of operations for subtraction are shown in Table 2 . For each problem, the system generates a set of solution paths, called path hypotheses, a student may have followed to respond to a problem. The system produces a production system that identifies inappropriate conditions under which that student may have applied the subtraction operations.
Insert Table 2 about here
The ACM system uses an Al procedure called heuristic search to generate a production system for a student on a particular subtraction problem. Using heuristic search, the mental operations identified earlier are applied to-the initial description of the subtraction problem to produce an intermediate state along the solution path. The operations are applied to each successive intermediate state until the student's response to the problem is generated.
The ACM system uses the X2 statistical procedure to find the production system that most nearly describes the student's responses across the set of subtraction problems. The X2 statistic is used with an Al procedure called learning from solution paths (Sleeman, Langley, & Mitchell, 1982) . The system produces positive and negative applications of an operation. A positive application of an operation generates a state on a possible solution path; a negative application of an operation generates a state off a pooIble solution path. The system adds conditions to operations so that the operation would apply in 10 the most positive applications and the fewest negative applications of the operation. The conditions on each operation allow the production system to follow the solution path and avoid paths that do not lead to the student's response. The ACM system employs a forward approach in selecting the conditions to add to an operator. The system considers individual conditions in turn and selects that condition that, when added to the action to form a production rule, produces the greatest X2 value. This process continues until enough conditions have been added to the action so that none of the negative applications are produced.
Then the system begins a backward approach of dropping each condition from the production rule unless dropping that condition from the production rule significantly reduces the X2 value for that rule. The newly constrained production system is applied to the next problem and the system begins searching for possible solution paths.
The validity of the measurement design is supported by substantive research suggesting appropriate procedures for combining observations to assign a value to an object of measurement. For example, the decision model in the ACM system is consistent with the system developers' psychological assumptions regarding students' subtraction problem solving. First, the system generates a set of possible solution paths because the system developers assumed that all problem solving involves search through some problem space (Langley, Wogulis, & Ohlsson, 1990; Ohlsson, 1990) . Second, the system produces a production system that identifies inappropriate conditions under which that student may have applied the subtraction operations because the system developers assumed that students' subtraction errors are due to rules with the correct actions but the incorrect conditions. Third, the system uses the X2 statistk: to discriminate between competing conditions because the system developers assumed students slip sometimes when responding and so obtained response patterns would not match exactly frequently predicted response patterns.
Generalizability theory.
Generalizability theory (GT) provides a conceptual framework and a set of statistical procedures for addressing a broad scope of measurement issues (Cronbach, et. al., 1972; Brennan, 1992 The measurement design I associate with GT involves estimating a persons' universe score. A person's universe score can be conceptualized as an average (or expected value) observed score over all randomly parallel measurement procedures associated with the universe of generalization. Under this measurement design, the object of measurement is the person. The universe score, like the true score in CTT, is an average score. Each item contributes equally to the universe score and the order of averaging or summing items is arbitrary. Sources of error are represented as facets in the universe of generalization. GT clearly differentiates among multiple sources of random error that are undifferentiated in OTT. GT applies certain analysis of variance procedures as a way of differentiating among multiple sources of error in persons' observed scores. A substantial literature has been established addressing the precision of estimating universe scores (see Fe Idt & Brennan, 1989) In summary, current assessments using GT are based on an observation design that describes the universe to which generalization of the test score is intended. Generally, the universe of generalization is 13 characterized by descriptions of content. The measurement design of GT addresses the sources of error in averaging or summing a test taker's performance over items. The focus of the GT measurement design on average scores is irreconcilable with the focus of the PRA measurement model on patterns of responses. In contrast, the observation design ot GT provides a valuable conceptual framework for understanding the limits of generalizing from performance on a particular diagnostic assessment to a broader educational setting. Test developers of PRA should explore modifying the observation design of GT so as to characterize the universe of generalization by the mechanisms test takers use in responding.
Generally, assessments constructed using GT (or CTT) have no explicit substantive model of the psychology of the test domain. However, a mouse trap is difficult to build without some ideas about mice;
An achievement test is difficult to build without some ideas about achievement. According to Mislevy (in press): "Standard test theory evolved as the application of statistical theory with a simple model of ability that suits the decision-making environment of most mass educational systems" (pp. 1). The substantive theory appears to be implicit in CTT and reflects the assumptions of psychological theories of the early 20th century , .esnick & Resnick, 1992) . According to these early theories, differences in competence are assumed to be due to differences in the accumulation of facts and skills. These psychological assumptions do not reflect necessarily the measurement specialist's level of sophistication in psychology, although Shepard (1991) reports that many measurement specialists hold views of learning consistent with these early psychological theories. However. as Anastasi (1967) lamented:
Psychometricians appear to shed much of their psychological knowledge as they concentrate upon the minutiae of elegant statistical techniques. Moreover, when other types of psychologists use standardized tests in their work, they too show a tendency to slip down several notches in psychological sophistication (pp. 300).
Using tests constructed following OTT, differential psychologists proposed theories that described the organization of individual differences in terms of traits. The conception of individual differences in terms of static traits is tied closely to the EPM test theory. Individuals differ in the amount of a trait possessed.
Using factor analysis, researchers identified traits by how well assessments from different content areas 14 ranked individuals differently The conception of individual differences in terms of static traits made impossible a better understanding of the mental processes of performers in a domain (Lohman & !ppd. in press) As McNemar (1964) observed with regards to intelligence: "Indeed, it is difficult to see how the available individual difference data can be used even as a starting point for generating a theory as to the process nature of general intelligence," (pp. 8).
In summary, current assessments using GT (or CU) are based apparently on substantive assumptions regarding learning that are implicit in the test theory. Test theory may be compared to data, as when Lord (1980) exhorts, "Such mathematical models can be used with confidence only after repeated and extensive checking of their applicability" (pp. 15). But these implicit substantive assumptions are never checked against competing assumptions and so no measure of the adequacy of fit is available. "Just how poor a fit to the data can be tolerated cannot be stated exactly because exact sampling variances are not known" (Lord, 1980, pp. 15) . One purpose of the test development approach introduced in the next section is to make explicit the role of psychological assumptions in the test devlopment process.
Methodology for Psychology-Referenced Assessment
While trying to construct a diagnostic assessment of learners use of analogy. I reviewed the diagnostic assessment work of other researchers. In their work, I perceived a general pattern that I subsequently refined into a series of steps that constitute a methodology for developing PR assessments.
I do not conceive these steps as discrete stages nor do I conceive the sequence as inviolable. The description of steps is simply a useful device to communicate the activities associated with developing PR assessments.
In this section, I describe a methodology for developing PRA within which is coordinated the substantive and statistical aspects of test theory. The five steps in this methodology for developing a psychology-driven assessment are presented in Table 4 . Each step is described briefly. To illustrate these steps, I recount the development of Gitomer's diagnosr: logic gate assessment3 as I have followed it through publications and presentations. I use Gitomer's research to illustrate this methodology rather than my own work on analogy because his work has matured to produce a viable assessment whereas my 15 efforts are prcifiminary. I emphasize that Gitomer has never claimed to have followed these steps.
Insert Table 4 about here Substantive base.
The first step in this methodology and the foundation of psychology-referenced test development is the construction of a substantive base. A substantive base is constructed from original research and research reviews but also includes assumptions about how to rp-resent best learning and individual differences. A useful substantive base includes two elements (see I-,gure 2): (1) a description of the knowledge and skills a performer in the test domain would use. The description may include how the knowledge and skills develop and how more competent performers differ from less competent performers:
(2) a specification of task or item characteristics that are hypothesized to influence the knowledge and skills used by performers in the domain. Taken together, a description of the performer's knowledge and skills and a specification of task or item characteristics constitute the construct representation of an assessment (Embretson, 1983) . The substantive base is a dynamic element in test development; substantive research by the test developer and by others continues during and after the assessment is developed.
The substantive base is consulted in every stage of test development. As I argued when describing the observation and measurement desigrr, the substantive base provides the rationale for both the observation and the measurement design. Furthermore, the substantive base indicates limits in the generalization from scores. The importance of the substantive base was described well by Messick (1989) who referred to it as construct theory:
Construct theory as a guide to test construction provides a rational basis for selecting task content, for expecting certain consistencies in item responses, and for predicting score relationships. If one starts with well-grounded theory, the whole enterprise is largely deductive in nature, and the approach to construct validation can be well specified and relatively rigorous (pp. 49).
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The substantive base enables test developers to create a set of items or tasks and infer the knowledge and skills used to respond to those tasks. The premise is simple: by recognizing the different structures and skills that an individual brings to a task or test, the test developer should be able to construct a task or an item that requires those structures. Conversely, the test developer should be able to infer the knowledge and structures used by an individual to respond to an item constructed to reveal such knowledge and structures. The necessary conditions are that the test developer understands the structures and skills required by performers on each task and that some subset of responses will discriminate individuals who differ on one or more of those skills (Gitomer & Yamamoto, 1991) .
As the work of Gitomer and his colleagues illustrates, the construction of a substantive base to support test development is a laborious task. Gitomer's early work in this area focused on defining those skills which characterized competent performance of avionics technicians (Gitomer, 1984) The avionics technician is asked to identify and repair malfunctions in airborne avionics equipment and maintain the troubleshooting equipment. Skills that differentiate more competent from less competent technicians were explored using two approaches. First, skilled performance was characterized through a review of the research on ways experts diff er from novices. Next, a series of experiments was conducted to identify differences in knowledge and skill for more and less competent avionics technicians. A difference identified in this experimental work was that skilled technicians exhibited greater proficiency in their understanding of digital logic gates than did less skilled technicians. Skill in reading logic gates appeared to enable effective troubleshooting and, thus, was an important area of study.
Subsequently, Gitomer and Van Slyke (1988) The second step in developing PRA is the construction of the observation and measurement designs As I have argued. the validity of both the observation design and the measurement design is evaluated with respect to the substantive base As the work of Gitomer (Gitomer. 1987; Gitomer & Van Slyke, 1988) and his colleagues illustrates, the task for the test developer is to construct and organize observations and combine responses in ways that are consistent with the substantive base.
T h e observation and measurement designs usr.c1 by Gitomer and Van Slyke (1988) in the GATES tutor are summarized in Figure 3 . The tutor performed an initial global assessment followed, if warranted, by a more detailed diagnosis. The global assessment consisted of a circuit tracing task that required tutor users to trace through a complex arrangement of logic gates and indicate the output for each gate4. The observation design demanded that logic gates vary in the type of gate, if the gate was negated or not negated, and the number of inputs. Furthermore, the observation design demanded that gates be arranged in a complex circuit. The measurement design demanded that overall accuracy be computed on the task.
Tutor users who had high overall accuracy on the circuit tracing task exited the tutor whereas tutor users who answered incorrectly many logic gates attempted a screening test to diagnose the source of their difficulty. Both the observation and measurement design were motivated by substantive concerns. The task involved circuit tracing and was scored using accuracy because substantive research shows that Matches between actual responses and predicted responses increase support for a particular classification whereas mismatches reduce support for a particular classification.
As with earlier assessment components of the GATES tutor, the observation and measurement designs of the diagnostic modules were motivated by substantive concerns The error analysis of Gitomer For example, substantive research would have much to say about the format, especially ie wording, of subtraction word problems intended for children. Generally, a child's poor performance on such problems may indicate a lack of understanding of part-whole relations. However, some researchers argue 20 that, by the age of 4 or 5, children possess at least tacit understanding of part-whole relaticns and that what they learn from instruction or through familiarization with problem solving language is how certain verbal formats map onto those relations (De Corte, Verschaffel, & De Win, 1985; Cummins, 1991) .
Specifically, children at about the first grade level interpret comparative terms as simple possession statements. For example, "Mary has 5 more marbles than John" is interpreted as "Mary has 5 marbles."
In addition, the word "altogether" is interpreted as "each". For example, "Mary and John have 5 altogether' is interpreted as "Mary has 5 marbles and John has 5 marbles." As these examples illusuate, test developers would do well to consult substantive research when considering the format of subtraction word problems.
Response scoring.
As the description in Table 4 indicates, response scoring is the implementation of the test theory Practical questions regarding how to manage scoring must be answered and these may be challenging.
For example, software must be developed to score and compute individual scores and item and test statistics. I will leave such questions for another occasion.
Instead, I would like to discuss indicators that may be used to evaluate the implementation of the test theory. Generally, Cri implementation is evaluated using item statistics indicating difficulty and discrimination (Millman & Greene, 1989) and test statistics indicating reliability (Fe Idt & Brennan, 1989) .
For the punooses of informing instructional decisions, traditional indicators of item and test functioning are not useful. CTT-based statistics evaluate items and tests using the psychological assumptions implicit in test development and the assumption that the test is intended to discriminate which students would profit best from a unifoan instructional environment. For example, indicators of reliability assume all items measure the same trait in all test takers. Standards of item functioning emphasize discriminating individuals along a latent continuum. In contrast, PRA-based measures are intended to identify qualitative differences in individuals' skills and knowledge rather than classify individuals along a latent continuum. An immediate need of PRA and other approaches that classify individuals with regards to the knowledge and skill used in solving items or tasks is to develop alternative measures of item characteristics.
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Again, the work of Gitomer provides an example. Gitomer and Yamamoto (1989) report the item p values and biserials for 119 technicians who completed a 20 item diagnostic logic gate assessment. As
Gitomer and Yamamoto note, difficulty values were moderate and biserials suggested that doing well on one item bodes well for overall test performance. But these item statistics were developed for assessments intended to select students most likely to succeed in a uniform instructional environment rather than assessments intended to make inferences about cognitive structures and processes. What meaning have these statistics for a diagnostic test?
PRA-based assessments require indicators that may be used to evaluate the implementation of test theory that is intended to identify qualitative differences in individuals' skills and knowledge.
Researchers have offered several alternatives to traditional CTT indicators of test and item functioning.
At the test level, Brown and Burton (1978) propose test diagnosticity as an index to evaluate their diagnostic assessment of students' subtraction misconceptions. Under Brown and Burton's approach, any test taker holding a particular misconception or combination of misconceptions will produce a particular response vector for a given set of test items. The response vectors may be partitioned so that identical response vectors, corresponding to different misconceptions, are placed in the same partition. A perfect diagnostic test would have one response vector in each partition. A less-than-perfect diagnostic test would have at least one partition with more than one response vector.
At the item level, Bart (Bart. 1991; Bart & Williams-Morris, 1990 ) has proposed two indices. Both indices are computed using an item response-by-rule matrix. For any item, each possible response may correspond to the tet takers use of at least one rule or strategy. An item on which the test taker is asked to respond true or false will have two possible responses and each response may correspond to the use of one or more rules. Alternatively, a multiple choice item with four alternatives, such as the two items represented in Table 5 , will have four possible responses and each response may correspond to one or more rules. I have represented only four rules in Table 5 . Note that an item response corresponding to a rule is represented by a 1 in that cell of the table.
Insert Table 5 about here 22 The index of response interpretability captures the degree to which each response to the item is interpretable by at least one rule. The computation of response interpretability is straightforward given an item response-by-rule matrix. The index is the number of response that are interpreted by one rule or more divided by the number of responses. Values range from 0 which indicates no rule-based responses, to 1. which indicates complete rule-based responses. In Table 5 . the response interpretability of Item 1 is 1 whereas the response interpretability of Item 2 is 0.5.
The index of response discrmination captures the degree to which each response to an item is interptreted by only one rule. Again, the computation of response discrimination is readily understood given an item response-by-rule matrix. Response discrimination is computed in two steps. In the first step 1 is divided by the number of rules that may be used to interpret a response. For example, the first response to Item 1 is interpreted by only one rule In the second step, the sum of the values from the previous step are divided by the number of responses to the item. Values range from 0, which indicates no rule-based responses, to 1, which indicates each response is interpreted by only one rule. In Table 5 , the response discrimination for Item 1 is 1 whereas the response discrimination for Item 2 is 0.25.
The PRA-based measures of item and test functioning differ from OTT-based measures in at least two ways: (1) None of the PRA-based indices incorporate the notion of consistently linearly ranking individuals whereas CU-based discrimination and reliability indices appear to be founded on this notion;
(2) All of the PRA-based indices may be computed a priori whereas all the CTT-based indices require that the items be administered. These differences reflect differences in emphasis between PRA and CU test development. PRA development focuses on diagnosing qualitative differences in test takers' knowledge and skill whereas CTT development focuses on selecting individuals most likely to succede in a homogenous educational environment. Furthermore, PRA development emphasizes the test developers' conception of the construct whercas CU development emphasizes the practical success of the items.
Design review.
Design review is the process of gathering support for the observation and measurement designs used in test development. The design is like a theory, and, as with any scientific theory, the theory is never 23 proven; rather, evidence is gradually accumulated that supports or challenges the design. Design review is a process that continues betore and after test administration. Initially, evidence supporting the design comes from the strength of the research base. Such evidence is similar to Ebel's notion on intrinsic rational validity (Ebel, 1964) .
After the test has been constructed and administered, other sources of evidence may be gathered.
One source of evidence regarding the validity of the design is the fit between the predictions of the observation design and test takers' performance. (Snow & Peterson, 1989, pp. 155) .
For example, Gitomer revised the GATES tutor because the latent class measurement design does not associate a value for technicians who made weakness area errors--technicians who had difficulty answering, but did not consistently answer incorrectly, problems haring a set of attributes. In response to this failure, Gitomer and Yamamoto (1991) Substantive theory and research play a prominent role in PRA. The substantive base is the foundation of PRA. Given the prominence of substantive theory and research in PRA, the assumptions concerning its role should be examined closely. An assumption underlying PRA is that substantive theory and research may be applied usefully to construct assessments. Critics may object that theory and research from the laboratory have little to say about tasks and variables in real world domains that are the focus of instruction. This argument appears to misrepresent cognitive science as an enterprise situated solely in the laboratory. As the work in everyday memory (Loftus, 1991) and situated cognition (Lave, 1988) illustrates, cognitive scientists devote much time to understanding how people represent and process information in real world domains. The work of VanLehn, Tatsuoka and Gitomer reviewed in this paper deals with individual differences in real world domains.
Another assumption underlying PRA is that assessment results may be used to test theory and to inform research. Critics may raise several objections against this assumption. Critics may object that experiment is the only valid way to test theory. True, experiment provides powerful tests of theory but not the only tests (Bickhard, 1992 In this paper, I have outlined several points on which PRA differs from traditional measurement approaches. However, PRA and traditional measurement are similar in the sense that a quality assessment depends on a careful, creative, and conscientious test development staff. The development of a PRA is not straightforward and such a conclusion should not be drawn from the step-by-step description of Lc .. development. Even an assessment ge: led using an algorithm has an element of art. The success of a PRA depends in large part on the competence of the test development staff.
Does assessment drive instruction or instruction drive assessment?
I will conclude this paper with a short, and incomplete, discussion of the relationship between diagnostic assessment and instruction. As I noted earlier, work on PRA has been motivated, at least in part, by the current emphasis on helping individuals to succeed in educational opportunities in contrast to selecting individuals for those opportunities. Therefore. an important aspect. perhaps the most important aspect. in developing diagnostic assessments is to link assessment results to instructional alternatives The lack of such a link currently has produced assessment detached from instruction. For example. what does it mean for instruction to have children score below the 50th percentile on reading achievement? However, the detachment of assessment from instruction will always exist unless assessment and instruction are based on common understandings of learning and achievement.
Some proponents of diagnostic assessment appear to assume that these new assessments will necessarily improve instruction and learning. However, the impact of assessment results depends on the function the results are intended to play. Assessment plays different functions in education (Resnick & Resnick, 1992): (1) public accountability and program evaluation; (2) instructional management and monitoring; (3) student selection and certification. Each function is intended for a different audience and requires assessments with different characteristics. Much of the PRA research is attempting to develop assessment for instructional management and monitoring intended to guide teachers and students in daily classroom work. The educational community must determine if assessment for instructional management and monitoring is a worthwhile use of students time or may be done more effectively by the teacher in the traditional classroom setting. Diagnostic assessment can play other functions in education including certifying competence and evaluating programs--assessments that reveal the cognitive mechanisms test takers use provide important information on whether instruction is achieving its goal. A better understanding of the ways diagnostic assessment can improve instruction and learning would be useful for researchers and policy makers who must decide what issues to address in diagnostic assessment.
Footnotes
'Other terms were considered and rejected. Theory-referenced constn.iction has been used but was rejected because psychometric theories have been used in the past and this could be called theory referenced construction. Table 2 Operations for subtraction (from Langley, Wow lis, & Ohlsson, 1990) .
Add-Ten (number, row, column) Takes the number in a row and column and replaces it with that number plus ten.
Decrement (number, row, column) Takes the number in a row and column and replaces it with that number minus one.
Find-Difference (numberl , number2, column) Takes the two numbers in the same column and writes the difference of the two as the result for that column.
Find-Top (column) Takes a number from the top row of column and writes that number as the result for that column.
Shift-Column (column) Takes the column which is both focused-on and being processed and shifts both to the column on its left.
Shift-Left (column) Takes the column which is focused-on and shifts the focus of attention to the column on its left.
Shift-Right (column) Takes the column which is focused-on and shifts the focus of attention to the column on its right. Table 3 Item objectives tIr the Subtraction of Whole Numbers Concept/Skill Domain in the SDMT.
The pupil will demonstrate the ability to use the standard algorithm for subtraction (vertical form) with renaming by: Item 4 finding the unknown addend (remainder) when a number in the tens is subtracted from a number in the hundreds. 5 finding the unknown addend when a number in the hundreds is subtracted from another number in the hundreds. 6 finding the unknown addend when a number in the hundreds is subtracted from a number in the thousands. 7 finding the unknown addend when a number in the hundreds is subtracted from a number in the thousands with a zero in the tens place. 8 finding the unknown addend when a number in the thousands is subtracted from another number in the thousands with a zero in the ones and in the hundreds places. 9 finding the unknown addend when a number in the thousands is subtracted from another number in the thousands with a zero in the tens place. Table 4 The seven steps of test development within psychology-driven test development. 
SUBSTANTIVE THEORY CONSTRUCTION
The substantive base concerns the development of a model or theory that describes the knowledge and skills hypothesized to be involved in performance and the item or task characteristics hypothesized to interact with the knowledge skill. DESIGN SELECTION In this step, the test developer selects the observation and measurement designs. The selection is informed by the substantive base constructed in step 1. Subsequently, the test developer constructs items or tasks that will be responded to in predictable ways by test takers with specific knowledge, skills, and other characteristics identified as important in the theory. The procedure for constructing assessments is the operationalisation of the assessment design. TEST ADMINISTRATION Test administration includes every aspect of the context in which test takers complete the test: the format of the items, the nature of the required response, the technology used to present test materials and record responses, and the environment of the testing session. Decisions concerning the context of the testing session should informed by research on how aspects of the context influences test takers performance. RESPONSE SCORING The goal of this step is to assign values to test takers' patterns of responses so as to link those patterns to theoretical constructs such as strategies or malrules. As with assessment construction, a scoring procedure is the operationalize of the assessment design. DESIGN REVISION Design revision is the process of gathering support for a model or theory. As with any scier.tific theory, the theory used in test development is never proven; rather, evidence is gradually accumulated that supports or challenges the theory. In this step, the results of administering the assessment are used to revise the substantive base upon which was based the construction of the assessment. 36 Table 5 The Item Response by Rule matrix for two multiple choice items. 
